The lack of available diagnostics to rapidly assess for the presence or absence of bacterial infection and the consequent challenges in defining appropriate treatment contribute to the overuse of antimicrobial agents in clinical practice [1, 2] . Although conventional approaches, such as bacterial culture and routine antimicrobial susceptibility testing, can provide a diagnosis for some infectious syndromes, the turnaround time from specimen collection to final result is often too long to provide actionable results. Traditionally, the issue of diagnostic uncertainty has been addressed by using empiric broad-spectrum antibiotic therapy in an effort to treat the most likely bacterial pathogen(s). This strategy is proving to be increasingly ill-advised in the current era of antimicrobial resistance. New diagnostics that are affordable, rapid, and accurate could potentially mitigate overuse of antimicrobial agents. However, validating and obtaining US Food and Drug Administration (FDA) clearance for clinically needed diagnostics is often beyond the reach of diagnostics companies, especially when the return on investment is uncertain and the needed clinical trials are complex. Another challenge is access to good-quality, well-characterized clinical specimens that provide the highest level of validation data, especially when companies need to find exactly the right kind of patients for their evaluations. Moreover, when multiple companies are working on similar assays, they may be competing with one another for limited clinical trial sites. MASTERMIND is a novel approach that overcomes many of the monetary and logistical hurdles associated with clinical trials of new diagnostics.
MASTERMIND: The Master Protocol for Multiple Infection Diagnostics
Given the clinical need and availability of interested partners with suitable test platforms, the Antibacterial Resistance Leadership Group (ARLG) has developed a scheme labeled MASTERMIND (Master Protocol for Evaluating Multiple Infection Diagnostics) to advance infectious diseases diagnostics. The scheme is based on novel study designs, such as basket and umbrella designs that were developed in the oncology trial community and which promote clinical research that may have been untenable using conventional study designs [3] . The MASTERMIND concept uses a single subject's sample(s) to evaluate multiple tests, providing efficiencies of scale for multiple simultaneous or successive investigations (Figure 1 ). To develop MASTERMIND studies for specific diagnostic tests, the ARLG is bringing together infectious diseases physicians, clinical microbiologists, statisticians, and potentially interested companies.
MASTERMIND Study Possibilities
A number of MASTERMIND studies can be conceived by identifying areas of need within existing microbiological workflows. One example is diagnostics for detection and characterization of bacteremia. One need only consider the existing bloodstream infection evaluation paradigm to identify areas for diagnostic development (Figure 2 ). Beginning with blood culture collection, there is growing interest and success in direct-from-blood pathogen detection assays. Some progress has already been made in this domain, including SeptiFast [4] , IRIDICA [5] , and T2 Biosystems [6] , although only the last is FDA cleared, and only for detection of Candida species. A MASTERMIND protocol for direct-from-blood pathogen detection could theoretically collect enough blood from each enrolled subject to submit for multiple test evaluations (Figure 3 ), though required volumes may sometimes be limiting and may not enable a large number of diagnostics to be run on a single specimen.
Upon detection of microbial growth in a blood culture bottle, a number of steps typically ensue, including organism identification and antimicrobial susceptibility testing. For both activities, efforts are in place or under way to improve time to result [7] . Unlike the case with direct-from-blood pathogen detection assays, specimen volume is not limiting and therefore this approach is especially conducive to a MASTERMIND design. In another variation of such a design, the diagnostics being evaluated could focus on different tasks. As depicted in Figure 4 , blood collected from a single subject could be used to evaluate a direct-from-blood pathogen detection assay. If the subject's standard blood culture is positive, a sample could be used to evaluate a rapid pathogen identification assay. Moreover, that positive blood culture could be used to evaluate a new phenotypic or genotypic antimicrobial susceptibility platform. In this way, a single subject is still being used to evaluate multiple diagnostics, although the diagnostics focus on different clinical and microbiological questions. Although Figure 4 suggests that only one platform would be used at each stage, the sample volume in a positive blood culture bottle is adequate to allow evaluation of multiple investigational identification or susceptibility platforms, depending on their availability.
A number of rapid urine diagnostics are emerging to assess for the presence of infection and, if infection is present, characterize the organism and its antimicrobial susceptibility pattern. Considering the relative ease in obtaining a large volume of urine, urine diagnostics are also considered suitable for a MASTERMIND trial design. Direct pathogen detection and characterization of antimicrobial susceptibility in respiratory specimens is yet another possibility, among many others that can be imagined. One other scenario is to nest the evaluation of one or more diagnostic platforms within an anti-infective clinical trial. Many anti-infective trials rely on supplemental microbiology testing to help define the microbiological intention-to-treat population. Integrating a novel diagnostic strategy could potentially support that diagnostic test, while Figure 1 . Conventional vs MASTERMIND diagnostic study. When multiple similar diagnostics are being evaluated independently, the necessary resources (subjects, costs, effort) are multiplied. In a MASTERMIND design, many of these resources are shared, while maintaining independence of study outcomes.
Figure 2.
Opportunities for a MASTERMIND design pertaining to bloodstream infections. There are 3 active areas of development: direct-from-blood pathogen detection, rapid pathogen identification from positive blood culture bottles, and rapid antibacterial susceptibility testing. A MASTERMIND study could evaluate diagnostics at any step in the culture processing pathway. also supporting the overall clinical trial outcome. Finally, MASTERMIND studies could conceivably allow for collection of data for exploratory purposes, such as setting critical values.
Challenges in Setting a Comparator Method
Although not unique to MASTERMIND, one of the challenges in evaluating new diagnostics is defining appropriate comparator methods. When a nearly perfect comparator method is readily available, it should be used. However, if a broadly acknowledged reference standard does not exist, which is often the case, an imperfect comparator may be considered, especially if a consensus can be reached among imperfect standards. With an imperfect comparator method alone, however, the study cannot be designed to measure sensitivity and specificity (ie, relationship to the "truth"). Instead, the study needs to be designed to estimate the positive percent agreement (PPA) and negative percent agreement (NPA) with the imperfect comparator method. Ideally, a comparator method that utilizes a different strategy than the tests being evaluated should be considered, because tests that use similar approaches may have correlated errors, meaning there could be test agreement with incorrect results [8] . The comparator method could also be multifaceted, involving clinical and laboratory components, clinical adjudication, or an algorithmic approach. In the absence of a perfect comparator method, one idea that is being considered for some MASTERMIND studies is to use a compilation of the test results being evaluated.
Several issues should be brought to bear when considering this design strategy (Table 1 ). In some planned MASTERMIND studies, nucleic acid amplification tests (NAATs) are the modality being investigated. This may be problematic if all of the investigational tests, as well as the comparator method, are NAATs. In this case, there is a risk of correlated errors, particularly when the investigational and comparator assays have similar targets. To reduce the likelihood of correlated errors, they should, if possible, target different types of nucleic acid (eg, ribosomal RNA vs DNA), use primers that target different parts of the microbial genome, and/or use different methods of target amplification and detection. Sequencing of amplified nucleic acids can be considered to resolve uncertainty.
Study Design and Analytical Considerations
Randomization of the order of specimen collection and testing should be considered to avoid systematic issues with quality and ensure balance of specimen order. This also allows for evaluation of the impact of specimen collection order on test performance. Because several tests will be performed as part of a single MASTERMIND study, there is a risk of operational bias, whereby knowing results of one test may influence results of another. To avoid operational bias, users of the investigational tests should be blinded to clinical information and results of other tests. Likewise, users of the comparator method should be blinded to clinical information as well as all investigational test results.
During statistical analysis, it is inappropriate to exclude indeterminate or equivocal results as they may be associated with test performance. Equivocal results are valid results that are neither positive nor negative. If a test is designed with an equivocal zone, the equivocal result should be considered a third category of test result. Every effort should be made to prevent and minimize their frequency through creative design and careful conduct. Additional tests or the collection of clinical data (eg, signs/ symptoms) or short-term follow-up data should be planned to be utilized if the primary comparator method is indeterminate. Sensitivity analyses for indeterminate comparator methods results are needed.
For each investigational diagnostic test, performance characteristics, including sensitivity (or PPA for an imperfect test), specificity (or NPA for an imperfect test), and positive and negative likelihood ratios should be estimated. Estimates of positive and negative predictive values should be plotted as a function of prevalence with confidence bands.
Newly developed methods can be used to evaluate the expected diagnostic yield (ie, the expected distribution of true positives, true negatives, false positives, and false negatives) associated with the diagnostics if put into practice. Diagnostics can also be systematically compared using these methods [9] . When designing and publishing clinical trial results, researchers should consult the Standards for the Reporting of Diagnostic Accuracy Studies (STARD) Statement (www.stard-statement.org) [10, 11] .
Study Monitoring
MASTERMIND studies are not expected to have toxicity concerns; however, data monitoring will be important given study complexity. Issues to monitor include data completeness and quality, design assumptions used in study sizing, specimen collection methods, and frequency of indeterminate and equivocal test (including comparator) results. To estimate sensitivity with the desired precision, an appropriate number of infected participants is needed. Similarly, an appropriate number of uninfected participants is needed to estimate specificity with the desired precision. If the infection rate is expected to be low, it may be prudent to "enrich" for participants with a high likelihood of infection. However, when enriching for subjects likely to be infected, there is potential bias due to higher disease severity. Spectrum bias may be introduced if healthy normal subjects serve as reference negatives in lieu of enrolling from the intended use population, which may include individuals who have other characteristics that could affect test performance [12] .
As with any study evaluating diagnostic assays, infection rates can be monitored on an interim basis to determine whether sample size adjustments are warranted. This can be accomplished using a data monitoring committee. If infection is more prevalent than expected, a smaller sample size may be acceptable, as long as broad generalizability can be maintained. However, if infection is less prevalent than anticipated, increases to sample size should be considered. Note that in this case, sample size is not being adjusted based upon test performance. In fact, knowledge of test performance is not needed. Thus, there are no statistical error control concerns with monitoring disease prevalence. Researchers may choose to monitor test performance if the tests are extremely expensive or invasive but only with appropriate error control strategies. Appropriate planning for batching samples, if required, and laboratory analyses are needed as well. Ideally, study monitoring should be conducted independently, and particularly if the tests being evaluated also serve as the comparator for other tests. In that case, infection rates or indeterminate/equivocal rates for each test being evaluated may differ and variation among these rates across tests can convey information regarding test performance.
Operational Challenges
The MASTERMIND study design is not intended to be a panacea. Diagnostic platforms being evaluated should be in similar stages of their developmental life cycle. There must be adequate biological matrix available to allow multiple aliquots. And finally, there must be willingness for a certain level of collaboration between industry and academia, as well as between industry partners. Given the involvement of academia and industry, as well as regulatory agencies, it is important to address control over study design, conduct, analysis, reporting, data access, and data ownership at the start. In this study design, it is ultimately each company's decision as to whether to submit their data to the FDA at the end of the trial. Whereas an ideal outcome is that all tests perform well, it may be problematic if this is not so. There will be different priorities and interests among industry partners, regulatory agencies, practitioners, investigators, and patients. Because the funding agency for ARLG-related research is the National Institutes of Health, the associated data will ultimately be publicly available. Clearly, it is important to have neutral and central party control due to competing interests, as there are opportunities for integrity to be threatened. And, during the course of the study, strong firewalls and blinding of interim test performance are necessary to protect data integrity. A publication policy, such as that established by the ARLG, is needed since MASTERMIND studies are run by academic investigators with government funding. Data monitoring may be complex but rapid access to data and rapid analyses are needed, especially if it is necessary to open/close arms rapidly or otherwise modify the study. Overall, MASTERMIND studies will be complex and need flexibility to adapt to changes. They will take a large effort, require funding for people who focus exclusively on the trial (eg, operations, statistics, data management), and require standardization and robust informatics infrastructure linking elements together for the participating laboratories.
CONCLUSIONS
The MASTERMIND concept, like any new idea, will not be without challenges. However, MASTERMIND has the promise to enable new diagnostics to be brought to the clinic, particularly diagnostics that may not be clinically evaluable without it. Coming to consensus among participants as to protocol design and management may be difficult. However, our experiences so far have been positive and suggest that the many challenges can be overcome. 
